The HL-60 model of myeloid maturation was used to test whether changes in signaling from the granulocyte-macrophage colony-stimulating factor (GM-CSF) receptor accompany maturation-related changes in cellular responses to GM-CSF. Receptor expression, tyrosine phosphorylation, functional activity, and c-fob gene expression were measured. Functional GM-CSF receptors were present throughout differentiation as both uninduced and dimethyl sulfoxide (DMSO)-induced HL-60 cells responded to GM-CSF, albeit in different ways. Uninduced promyelocytes proliferated in response to GM-CSF, whereas DMSO-induced cells lost the capacity to proliferate but did respond with increased expression of &-integrins, enhanced respiratory burst activity, and metabolism of arachidonic acid. GM-CSF-stimulated upregulation of c-fos mRNA expression was not detected in immature cells but developed after 2 to 4 days with DMSO in line with a marked increase in responsiveness to stim-HE RECEPTOR FOR THE human hematopoietic cytokine granulocyte-macrophage colony-stimulating factor (GM-CSF)' is expressed on early myeloid precursor cells as well as on mature phagocytic cells, reflecting the potential of GM-CSF to modulate the activity of myeloid cells throughout differentiation.* The GM-CSF receptor has a heterodimeric structure composed of a unique a chain' and a common p chain that is shared with the a chains of two other members of this cytokine receptor family, interleukin-3 (IL-3)4 and IL-5. 5 Binding studies on cells transfected with the respective GM-CSF-receptor subunits show that highaffinity binding of ligand is achieved when both a and ,8 chains are coexpressed, whereas the a chain alone binds ligand with low affinity, and the ,8 chain does not bind at all: There is a change in the expression of GM-CSF receptors during differentiation from both low-and high-affinity receptors on myeloid blast cells to solely high-affinity receptors on fully mature neutrophils, which may be because of altered availability of the common /? chain for binding with the a chain. ' Occupancy of the GM-CSF receptor signals a range of biochemical changes inside the cell. Responses after recep-ulation with phorbol ester, showing that increased expression of c-fos is predominantly a feature of mature phagocytes. GM-CSF stimulated the tyrosine phosphorylation of a broadly similar range of proteins in both uninduced and DMSO-treated HL-60 cells, but protein bands were more heavily phosphorylated in DMSO-induced cells. Phosphorylation was rapid in onset and very transient in immature cells. Phosphorylation of several proteins, in particular a 130-kD band, was more sustained in DMSO-induced cells. These differences in signaling were not because of numerical differences in receptors, because reduction of GM-CSF concentration to trigger equivalent numbers of high-affinity receptors delayed the onset of phosphorylation in DMSO-induced cells. We conclude that there are maturation-related changes in signaling downstream from the GM-CSF receptor. 0 1994 by The American Society of Hematology.
tor-ligand binding are enhanced metabolic activity,' increased expression of mRNA for the c-fos' and c-myc oncogenes: and enhanced tyrosine phosphorylation.' Because the GM-CSF receptor lacks intrinsic kinase activity, other tyrosine kinases must mediate these events. Tyrosine kinases such as members of the src family ~53/56'~" and p62C-ye',"' and ~9 2 "~' I I have been implicated, the latter being detected in immunoprecipitates with the p chain of the GM-CSF receptor." Several other kinases are activated downstream from the GM-CSF receptor, including mitogen-activated kinase (MAP kinase)," the serine-threonine kinase c-raf,I3 protein kinase and a phosphatidylinositol-3 kinase."' GM-CSF has pleiotropic effects on myeloid cells, and, in addition to regulating the growth and commitment to differentiation of immature cells, it promotes the functional activity of mature phagocytic cells by enhancing cell adhesion, degranulation, metabolic activation, and microbicidal activity.* At present, it is unclear how the GM-CSF receptor can transduce signals resulting in such a variety of cellular responses. Changes in the response to GM-CSF during differentiation may be determined by maturation-linked changes in the expression of the receptor itself. It is possible that specific regions of the receptor are specialized for sending different signals, because regions of the p chain have been identified as important for transmitting proliferative signals.'? Therefore, posttranslational modifications of the receptor at specific residues could alter its ability to interact with other proteins and, hence, transduce specific signals into the cell. Regulation of GM-CSF signaling may also be determined by differentiation-linked maturation of downstream signaling pathways as well as differential expression of effector systems.
The functionally immature HL-60 human promyelocyte cell line" has been used widely as an in vitro model of myeloid cell maturation because it is susceptible to a variety of maturation inducers."~" Incubation with dimethyl sulfoxide (DMSO) stimulates a program of events leading to the acquisition of a range of effector functions present in mature were not associated with changes in GM-CSF-receptor expression.
MATERIALS AND METHODS

Cell Culture and Maturation Induction
For studies of cell function, protein phosphorylation, c-fos mRNA expression, and GM-CSF receptor expression, HL-60 cells were grown in parallel with and without the differentiating agent 1.25% (voVvol) DMSO as previously described." Cells were not serumstarved or exposed to GM-CSF during the culture period. Cell concentrations, determined in a Neubauer counting chamber (Merck Ltd, Lutterworth, Leicestershire, UK), were kept below 5 X l@/mL to prevent growth inhibition. Cell viability was assessed by the exclusion of trypan blue, cell morphology was determined from cytospin preparations stained with Leishman's stain, and functional maturation was assessed by the phorbol ester (12-0-tetradecanoylphorbol 13-acetate [TPA])-stimulated nitroblue tetrazolium reduction test (NBT) as previously described."
Cell Proliferation Studies
Uninduced and HL-60 cultures induced to mature for 8 days with DMSO were seeded in culture flasks at l X lo4 promyelocyteslmL RPMI medium/5% FCS, with and without recombinant human GM-CSF (rhGM-CSF; 10 ng/mL; expressed in Escherichia coli and provided by Hoechst ohn Beringwerke, Maburg, Germany). Cell number, viability, and maturation were measured each day. Cells for ['HI-thymidine incorporation assays were grown in parallel at the same cell concentration, in 100-pL well microtitre plates. Cells were pulse-labeled with [6-'H]-thymidine (0.5 pCi/well for 4 hours; specific activity, 26 Ci/mmol; Amersham International, Amersham UK) and collected on glass fiber filters, and radioactivity incorporated into DNA was determined by p-scintillation spectroscopy. In parallel experiments to determine the proportion of cells undergoing DNA synthesis, the medium was supplemented with 3 pmol/L bromodeoxyuridine (BrdUrd; Sigma, St Louis, MO) for 0 to 24, 24 to 48, 48 to 72, and 72 to 96 hours after the addition of GM-CSF. At the end of each labeling period, cells were fixed with 70% ethanol; the DNA was stained with propidium iodide; BrdUrd incorporated into DNA was detected with an anti-BrdUrd antibody, and analysis and quantification were performed by flow cytofluorimetry, as described previously.2' The proportion of cells in GdG, and S + Gz/M were determined using propidium iodide fluorescence measurements at 24, 36, and 48 hours after subculture.
Functional Studies
p2 integrin expression. Expression of the cell adhesion molecule CDllb was measured by indirect immunofluorescence and flow cytometry as described previously.2z
Superoxide production. Superoxide production at 37°C was measured by the superoxide dismutase-inhibitable reduction of femcytochrome c, as previously described."
Release of radiolabeled metabolites of arachidonate. HL-60 cells (5 X 106/mL) were incubated at room temperature (RT) with 0.5 pCi ['HI-arachidonic acid/mL phosphate-buffered saline (PBS)/ 0.1 % fetal calf serum (FCS)/5 mmoVL glucose for 2 hours to label endogenous phospholipid stores, washed 4 times with PBS, and resuspended at 2 X 106/mL PBS/5 mmoVL glucose. Cells were stimulated with 1 pmoVL calcium ionophore (A23187), and release of radioactive metabolites into the extracellular milieu was measured as described p r e v i~u s l y .~~
Phosphorylation Studies
Preparation of cell lysates. Before the experiment, uninduced and day-6 DMSO-induced HL-60 cells were washed once with RPMI medium (GIBCO, Paisley, Scotland, UK) and resuspended at 2.6 X 107/mL PBS/5 mmol/L glucose. Cells were warmed for 5 minutes before addition of GM-CSF (IO ng/mL) or FCS diluent (final concentration, 0.02% vol/vol). GM-CSF stock was stored at 1 pg/mL of 2% FCSRBS and diluted l 0 0 X to the final concentration on the day of experiment. For phosphorylation studies, 50-pL samples were taken at timed intervals and added to 50 pL of 2X sample buffels containing n-ethyl maleimide (NEM; final concentration, 2 mmoK). The samples were heated for 10 minutes at 100"C, and centrifuged (10,000g for 2 minutes). Proteins equivalent to 2 X lo5 cells per lane were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (Hybond C extra, Amersham) by Western blotting. Prestained protein standards (Rainbow markers, Amersham) were used as markers. Membranes were blocked overnight with 3% bovine serum albumin/PBS, washed 5 times with PBSnween 0.05% (PBST), and incubated with an antiphosphotyrosine antibody, 4G10 (1/1,000 dilution; Upstate Biotechnology, Inc. Lake Placid, NY) for 2 hours at RT. Membranes were washed 5 times with PBST, incubated with peroxidase-conjugated goat-antimouse antibody (Dako, High Wycombe, Bucks, UK), and subjected to further washes. Bound antibody was visualized by enhanced chemiluminescence (Amersham). The x-ray film (MP; Amersham) was preflashed to ensure linearity of image intensity.
Immunoprecipitates. HL-60 cells were incubated with GM-CSF, as above, and the reactions were stopped with NEM (final concentration, 2 mmol/L). The samples were centrifuged (3 minutes, 180g). All further procedures were at 4°C. The pellets were resuspended in 0. m m o K pyrophosphate, 2 mmol/L EDTA, 100 U/mL aprotinin, 10 pg/mL leupeptin, and 10 pg/mL pepstatin A) and incubated for 1 hour with continuous mixing. Lysates were clarified by centrifugation (10,OOOg for 10 minutes) and incubated with l pg of 4G10 antibody for 2 hours. Immune complexes were collected on protein A-agarose (Repligen, Cambridge, MA). The immunoprecipitates were washed 4 times in 500 pL of lysis buffer and subjected to SDS-PAGE, followed by Western blotting and detection of tyrosine phosphoproteins with 4G10 antibody, as described above.
Measurement of GM-CSF Receptors by Scatchard Analysis
Equilibrium binding assays for Scatchard analysis were performed as describedz6 using ['251]-GM-CSF (specific activity, 800 to 12,000 Ci/mmol; Amersham). HL-60 cells were incubated at RT for 2 hours to achieve maximal binding.
Measurement of c-fos mRNA
Cells were prepared and incubated with either GM-CSF or FCS diluent as described under phosphorylation studies. Cells were then lysed in guanidine isothiocyanate buffer, and total cellular RNA was purified by centrifugation through a caesium-chloride c~shion.~' The integrity of RNA in each preparation was checked by loading 0.5 pg on an agarose gel, and after electrophoresis the RNA was visualized by ethidium-bromide staining and UV transillumination. RNA samples were analyzed by methods described in Sambrook et alZ8 with slight modifications. Twenty micrograms of each RNA sample For personal use only. on October 26, 2017. by guest www.bloodjournal.org From was glyoxylated, electrophoresed through a 1% agarose gel in 10 mmollL sodium phosphate (pH 7.0), and transferred onto a nylon membrane (Biodyne A; Pall Cop, Portsmouth, UK) by capillary blotting in 20X standard saline citrate. Prehybridization was performed at 42°C for 4 hours in solution 1 (50% formarnide/5x Denhardt's solution/5X SSPW200 pg/mL sonicated denatured salmon sperm DNA/O.l% SDS). Hybridization was performed at 42°C for 16 to 20 hours in solution 1, modified by substitution of 5 x by 1 X Denhardt's solution and addition of denatured DNA probe radiolabeled by random priming (Boehringer Mannheim, Mannheim, Germany). The DNA probe used was an 0.2-kb PsrI-PsrI fragment of v-fos derived from the FBJ murine osteosarcoma virus cloned into the BamHI-Sal I sites of the plasmid ~AT153.'~,~' The membrane was washed in 4X SSC and 0.1 % SDS for 5 minutes at RT, followed by a second wash in 2X SSC and 0.1% SDS for 20 minutes at 42°C. After washing, the membrane was exposed to preflashed Kodak XAR-5 film (Eastman-Kodak, Rochester, NY) at -85°C. To control for equal loading, the membrane was then stripped and reprobed for p-actin mRNA. The images on the x-ray film were digitized with a 
RESULTS
The Effect of GM-CSF on Cell Proliferation
Immature cells. Studies were undertaken to clarify whether GM-CSF could stimulate the proliferation of HL-60 cells, because others have reported that GM-CSF has no effect unless cells are exposed to the differentiating agent, ing HL-60 cells will incorporate BrdUrd into genomic DNA as they pass through the S-phase of the cell cycle. Subculturing HL-60 cells into fresh medium at a cell density of 1 X lo4 cells/mL caused a lag phase before normal cell growth was established (Fig lA) , which was reflected in reduced BrdUrd incorporation between 0 and 72 hours (Fig IB) . Cell cycle analysis of cells stained with propidium iodide shows that greater than 90% of the cells were in GdG, during this lag phase (Fig IC) , compared with about 40% in cultures in exponential growth phase (data not shown). Figure 1A shows that the addition of GM-CSF (10 ng/mL) to the subcultured cells resulted in increased proliferation, because the cell density after 3 days with GM-CSF was 2.0 ? 0.3 X 10' cells/ mL, compared with 1.4 -t 0.2 X lo5 cells/mL without GM-CSF (P < .01, Student's paired t-test, n = 5 ) , and after 5 days was 6.8 X lO'/mL with, and 4.1 X 105/mL without, GM-CSF.
[3H]-thymidine pulse-labeling studies on day 3 confirmed the cell growth data (54,954 rt 1,682 cpm, plus GM-CSF; 46,114 2 472 cpm, no GM-CSF [mean +. 1 SDI; P = .01, unpaired Student's t-test, n = 5). The growth advantage conferred by GM-CSF was because of a shortening of the lag phase shown by a more rapid return to 100% BrdUrd incorporation (Fig 1B) . Cell cycle analysis over a 24-to 48-hour period confirmed the effect of GM-CSF as it showed an increasing proportion of cells in S + G,M and a concomitant decrease in the proportion in GdG, in the cultures containing GM-CSF (Fig 1C) . Log transformation of the cell number data showed that the maximal rate of proliferation during the exponential phase was not greater in GM-CSF-stimulated cultures (data not shown).
DMSO-induced cells. Having established that uninduced For personal use only. on October 26, 2017. by guest www.bloodjournal.org From HL-60 cells could respond to GM-CSF, we compared the effect of this cytokine on HL-60 cells that had been induced to differentiate by exposure to 1.25% (vol/vol) DMSO for 8 days. Such treatment caused HL-60 cell maturation (as previously reported by Newburger et all") as evidenced by a change in morphology from 95% ? 2% immature promyelocytes to 84% ? 18% morphologically mature cells (myelocytes and metamyelocytes, mean t-1 SD, n = 7) and by the acquisition of the ability to generate superoxide (2% ? 1%
NBT-positive cells in uninduced HL-60 cultures, n = 22; 51% -t 3% NBT-positive in DMSO-induced cells, n = 38).
Cell cycle analysis of propidium iodide-stained cells indicated that these cells were growth arrested because greater than 90% of cells were in GdG, . DMSO-induced cells were subcultured into fresh medium without DMSO, but with and without GM-CSF (10 ng/mL), to give a similar concentration of morphologically immature cells with proliferative capacity as that present in experiments with uninduced cells (1 X IO4 promyelocytes/mL). The mature cells in cultures with or without GM-CSF remained growth-arrested and died, and the cultures became overgrown with immature cells (70% promyelocytes on day 2, and 80% to 90% promyelocytes on day 7). Figure l a shows that these did proliferate in response to GM-CSF.
[3H]-thymidine uptake studies on day 3 confirmed the responsiveness to GM-CSF (10,950 ? 464 cpm, plus GM-CSF; 3,718 ? 855 cpm, no GM-CSF; [mean t-1 SDI; P < ,001 unpaired Student's t-test, n = 12). The 10-fold lower level of thymidine incorporation (4,000 cpdsample) in these DMSO-matured cultures compared with the noninduced HL-60 promyelocytes used in the experiments described above (40,000 cpdsample) and the smaller number of cells at the end of the culture period (Fig 1A) emphasized that only a small proportion of cells in the initial culture had proliferative capacity. 
Effect of GM-CSF
Priming of Enzyme Activity by GM-CSF
Uninduced HL-60 cells did not have the capacity to produce superoxide in response to stimulation with the chemotactic peptide, FMLP (1 pmol/L), or the receptor-independent agonist, TPA (500 ng/mL), and no metabolites of arachidonate (AA) were released into the supernatant in response to stimulation with the calcium ionophore, A23187 (1 pmol/L). Acquisition of these functions was detected 2 to 3 days after addition of DMSO to the cultures, and maximal activation was achieved after about 6 days (Fig 2A and B) . Preincubation of cells with GM-CSF (10 ng/mL; 60 minutes for superoxide assays and 20 minutes for AA release) at intervals during maturation resulted in enhancement of agonist-stimulated enzyme activity (Fig 2A and B) . The activity of the GM-CSF-primed samples was a constant proportion of the activity of controls at each time interval tested (1 54% ? 10% for priming of superoxide production [mean 2 
Tyrosine Kinase Phosphonlatinn
Having confirmed that both immature and DMSO-induced HL-60 cells were responsive to GM-CSF, we investigated whether there were changes in signaling pathways used by the GM-CSF receptor during maturation. Uninduced and day-6 DMSO-induced cells were stimulated with IO ng/mL GM-CSF, and tyrosine phosphorylation was measured by Western blotting with the antiphosphotyrosine antibody, 4GIO. Figure 3A shows that, after 2 minutes of stimulation with GM-CSF, a range of phosphorylated proteins were detected in 4G10 immunoprecipitates from both uninduced and DMSO-induced HL-60 cells. A comparison of the molecular weights of these proteins indicated that the majority of substrates were phosphorylated in response to GM-CSF in both cell types. Proteins phosphorylated in uninduced cells were protein content of DMSO-induced cells is about half that of immature cells,'5 the difference in phosphorylation between the two cell types is an underestimate. Overall, the responses to GM-CSF were rapid in onset in both cell types but were more transient in uninduced cells (Fig 3A) . with protein tyrosine phosphorylation returning to control levels within I O minutes, whereas some phosphorylated proteins persisted in the DMSO-induced cells at this time. The dephosphorylation of a 130-kD protein (Fig 3A, marked with an arrow) in the DMSO-induced cells was quite slow compared with the rapid dephosphorylation in uninduced cells. This observation was confirmed in immunoblots of whole cell lysates prepared from cells stimulated with GM-CSF for 0, 3, and I O minutes (Fig 3B) . More detailed time courses showed a phosphorylated 130-kD band persisting in DMSO-induced cells for up to 20 minutes (Fig 4) . A comparison with neutrophil proteins phosphorylated by GM-CSF (Fig 3B and Fig 4, lane P) showed a similarly rapid response and showed that the substrates for phosphorylation in HL-60 cells were also present in neutrophils. To ascertain whether the differences between uninduced and mature cells in downstream signaling from the GM-CSF receptor could be explained by differences in the number and the affinity of this receptor, equilibrium binding studies with radiolabeled GM-CSF were performed. In accordance with previous work,3',36 we identified both 
-
low-and high-affinity binding sites on uninduced HL-60 cells (Fig S ) , whereas others found only a single affinity site.'." After the cells were induced for 6 days with DMSO, the number of both low-and high-affinity receptors increased S) . There was no significant change in the affinity of the receptors after 6 days of exposure to DMSO. The increase in receptor number observed in DMSO-induced cells without an apparent change in relative affinities is in accord with previous work.3'.'".'X To investigate whether the more intense and prolonged phosphorylation response of DMSO-induced HL-60 cells to GM-CSF could be explained by the larger number of GM-CSF receptors that these cells express, an experiment was performed with DMSO-induced cells where the concentration of GM-CSF was reduced to only occupy the same number of receptors as were occupied on uninduced HL-60 cells at a IO ng/mL GM-CSF. Using the equilibrium binding data, we calculated that a similar number of high-affinity receptors (300 to 400 receptordcell) would be occupied on DMSOinduced cells at a GM-CSF concentration of I ng/mL as were occupied on uninduced HL-60 cells at I O ng/mL GM-CSF. Therefore, DMSO-induced cells were incubated with GM-CSF at concentrations of both 1 and 10 ng/mL, and the time course of phosphorylation of the 130-kD band was measured (Fig 4) . Analysis of the kinetics of the response at IO ng/ mL GM-CSF showed optimal phosphorylation of the 130-kD band occurred by 3 minutes (Fig 4) . which is consistent with previous experiments. However, when fewer receptors were occupied at I ng/mL GM-CSF (equivalent numbers to those present on uninduced cells), there was a delay in the onset of tyrosine phosphorylation, with maximal phosphorylation occumng at 10 minutes rather than at 3 minutes, but phosphorylation was still detectable at IS and 20 minutes. This is in contrast to the rapid onset but transient response of the uninduced cells shown in Fig 3 and suggests that the differences in signaling between immature and DMSO-induced cells were not explained purely by differences in receptor expression. No rapid responses were observed in DMSO-induced cells stimulated with I O pg/mL GM-CSF.
Induction qf c-fos mRNA
To determine whether stimulation by GM-CSF was associated with changes in gene expression. we investigated the (C) HL-60 cells were induced t o differentiate with DMSO for the time intervals shown. At each time point cells were stimulated with GM-CSF or diluent for 15 minutes, and samples were taken for determination of c-fos and actin mRNA expression by Northern blotting as described in the Materials and Methods section. Quantification of actin mRNA in the Northern blots of samples f GM-CSF showed that loading was equivalent as determined by densitometry (A, 7 days + DMSO 2 53%. 7 days -DMSO t 28%; C, 2 15%).
ability of GM-CSF to induce c-fos mRNA in immature and mature cells. Uninduced and day-7 DMSO-HL-60 cells (1.5 X 10'/mL) were incubated with GM-CSF for intervals up to 4 hours. Northern blot analysis of total cellular RNA showed the rapid and transient expression of c -f~~ mRNA in GM-CSF-stimulated DMSO-induced cells within the first 30 minutes of treatment (Fig 6A) . However, no c-fos mRNA was detectable in uninduced HL-60 cells over the 4-hour period. To investigate whether the mechanism for inducing c-fos mRNA was present in uninduced cells, a nonreceptormediated stimulus was used. Figure 6B shows that immature HL-60 cells showed a weak response to stimulation with the phorbol ester, TPA ( I pg/mL). whereas mature DMSOinduced cells showed a much larger induction of c-fos in response to this agonist. A time-course experiment (Fig 6C) showed that the induction of c-fos mRNA in response to GM-CSF was detectable 2 days after the addition of DMSO, with a marked enhancement at day 4. ported,",41 others found no e f f e~t~"~~ and conclude that a stage of maturation could exist where receptor expression is dissociated from receptor signal transd~ction.~~ HL-60 cells are transformed, show a genomic amplification of c-myc,l6 and have the capacity to proliferate efficiently as factorindependent cells; therefore, it is difficult to detect the added effect of growth factors. The proliferation studies described herein used cultures initiated at very low cell density. This is because we have previously shown a progressive inhibition of proliferative capacity in the absence of cytokines when cells are seeded at concentrations greater than 2 X 104/mL,2' thus reducing the likelihood of detecting a growthenhancing effect of GM-CSF. This may explain the lack of effect of GM-CSF on HL-60 cell proliferation in experiments where much higher initial cell densities were We maximized the sensitivity of the proliferation assays and measured, in addition to thymidine incorporation, changes in cell numbers, cell cycle distribution, and the proportion of cells incorporating BrdUrd. The experiments showed that GM-CSF could enhance the growth of HL-60 cells, indicating that they bear functional receptors and have competent signal transduction pathways for GM-CSF. Our data are supported by the data of others which show that GM-CSF is active on immature HL-60 cells, thus increasing both diacylglycerol and inositol phosphate production as well as proliferati~n.~' We found, in confirmation of our previous that GM-CSF did not increase the maximal rate of proliferation during the exponential growth phase; rather, the effect of GM-CSF on immature cells was to induce the cells into S-phase from the GdG, lag phase induced by subculture, so that proliferation commenced more rapidly when compared with that for untreated cells. Similar effects of GM-CSF on HL-60 cells synchronized in G, were later reported by Brennan et al. 42 It has previously been shown that the terminal differentiation of HL-60 cells with agents such as DMSO and retinoic acid is associated with cessation of proliferation, accumulation of cells in GdG,, accompanied by a decrease in the abundance of c-myc protein and ~I R N A . '~.~' Induction of maturation with DMSO is never 100% efficient, as evidenced by the fact that only 50% of cells acquire the ability to reduce NBT and by the presence of about 15% residual promyelocytes. Therefore, when maximally induced cultures (8 days of exposure to DMSO) were stimulated by GM-CSF, the residual population of undifferentiated promyelocytes overgrew the mature nonproliferating cells. These experiments confirmed the ability of GM-CSF to enhance the proliferation of HL-60 promyelocytes but showed that it was not possible to use growth as a parameter to compare the effects of GM-CSF on immature cells with that on mature cells.
Our experiments confirmed previous work showing that DMSO induces the acquisition of effector functions that are characteristic of mature phagocytes." Respiratory burst activity generating superoxide is dependent on a nicotinamide adenine dinucleotide phosphate-oxidase enzyme system.43 AA metabolites (predominantly leukotriene B4 and its metabolites in ionophore-stimulated neutrophils) are generated by 5-lipoxygenase in association with the five-lipoxygenaseactivating protein. 44 Neither of these enzyme systems nor the FMLP receptors, by which the respiratory burst was stimulated, are present in native HL-60 cells; however, they are induced after incubation with Our finding that GM-CSF priming is present as soon as functional activity is detectable and that the capacity of GM-CSF to prime effector function does not increase with maturation suggests that the biochemical pathway used by GM-CSF for priming is fully developed at an early stage of maturation and confirms that responsiveness to GM-CSF is not only a characteristic of fully mature cells.
In contrast, tyrosine kinase-mediated phosphorylation was stimulated by GM-CSF in both immature and mature cell types. A broadly similar range of proteins was phosphorylated at both maturation stages with the exception of additional 69-and 159-kD bands in DMSO-induced cells; therefore, signaling in mature cells is unlikely to be via the phosphorylation of entirely new substrates. However, we noted differences in the kinetics and magnitude of phosphorylation, especially of a 130-kD protein. The response in immature cells was rapid, transient, and weak, whereas the response in mature cells was prolonged and of greater intensity. The more transient response in immature cells may explain the lack of effect of GM-CSF on uninduced HL-60 cells that was reported by Linnekin et al,32 because their method allowed several minutes to elapse after GM-CSF addition before the cells were put into lysis buffer containing phosphatase inhibitors. In our study, we used NEM to immediately inhibit cell metabolism. Others have reported that GM-CSF induces phosphorylation events in more mature myeloid cells. GM-CSF induced the tyrosine phosphorylation of 40-and 54-kD proteins in neutrophils4 and of a 42-kD protein with MAP2 kinase activity in DMSO-induced but not uninduced HL-60 cells.47 The kinetics of phosphorylation in both these studies were similar to those we observed for the 130-kD phosphoprotein in DMSO-induced cells, reaching a maximum within 5 minutes and decreasing slowly thereafter. The lack of phosphorylation of the 42-kD protein in uninduced HL-60 cells in the latter study may have been because of the use of suboptimal conditions, because phosphorylation was observed when synchronized cells were Equilibrium binding studies showed that DMSO-induced HL-60 cells expressed both high-and low-affinity GM-CSF receptors, although these were increased in number compared with uninduced cells as previously The lack of a switch to solely high-affinity receptors as that which occurs during neutrophil maturation is not surprising because DMSO-induced HL-60 cells are not equivalent to mature neutrophils." We investigated whether the more transient phosphorylation observed in native HL-60 cells might be related to the smaller number of GM-CSF receptors that they express. This was not the case because phosphorylation in DMSO-induced cells, stimulated with reduced concentrations of GM-CSF to occupy a similar number of high-affinity receptors as were present in uninduced cells, was delayed in onset and was sustained rather than rapid and transient. The difference in phosphorylation between immature and mature cells was also not because of a change in receptor affinity during maturation induction. A possible mechanism for the change in the kinetics of signaling could be modified For personal use only. on October 26, 2017. by guest www.bloodjournal.org From kinase-, phosphatase-, or guanosine triphosphate-binding protein activity during maturation, and this is an area for further study. The fact that GM-CSF stimulated a stronger tyrosine phosphorylation signal in DMSO-induced cells could be caused by increased synthesis of substrate during maturation, because several proteins known to be phosphorylated by GM-CSF are more highly expressed in DMSOinduced cells. 48 We examined whether signaling from the GM-CSF receptor in both uninduced and DMSO-induced cells was associated with the upregulation of c-fos mRNA. In agreement with previous work, there was no constitutive expression of c-fos mRNA either in ~n i n d u c e d~~ or DMSO-induced cells.5" On stimulation with GM-CSF, there was no detectable response in uninduced cells; however, a rapid increase in the expression of c-fos mRNA occurred in mature DMSO-induced HL-60 cells. Therefore, there was a dissociation in uninduced cells in the capacity of GM-CSF to stimulate both a proliferative response and tyrosine kinase phosphorylation from the capacity to stimulate increased c-fos mFWA. Control experiments using a potent receptor-independent stimulus, TPA, confirmed that the pathway for induction of c-fos was present in uninduced promyelocytes and, in accord with previous w0rk,4~*~' showed that the mRNA response was a rapid and transient event after the addition of TPA. However, once cells had been induced with DMSO, there was an enhancement in the magnitude of the TPA response relative to immature cells, suggesting that the capacity for upregulation may develop during the maturation of the cells. A marked increase in GM-CSF-stimulated c-fos mRNA expression occurred 4 days after the addition of DMSO, and this correlates with the acquisition of mature functions. This implies that c-fos may have an important role in mature phagocytic cells. This notion is in accord with previous work showing that GM-CSF stimulated the upregulation of c-fos in transformed macrophages that retained the functions of mature cells." The downstream sequelae of c-fos induction in mature phagocytes is not understood. c-fos is upregulated in these cells by several stimuli that would be prevalent during an inflammatory response, such as the bacterial tripeptide FMLP and platelet activating factor,52 and the responsiveness to GM-CSF is in keeping with this.
In conclusion, we have shown that both immature and DMSO-induced HL-60 cells respond to stimulation with GM-CSF, although the functional responses elicited in the two cell types are different. Maturation is associated with changes in signaling from the GM-CSF receptor, as evidenced by prolonged and intensified protein phosphorylation.
